and emphasized the default nature of receptor and membrane lipid recycling. In this Review, we focus on endocytic recycling pathways, in particular those pathways and requirements that have been discovered for cargo recycling back to the plasma membrane in CIE. We do not yet know the extent to which these new pathways and requirements regulate recycling in all cells or whether cargoes in CIE and CDE share recycling pathways. The reader is referred to other reviews for discussions on trafficking to degradative compartments and the formation of multivesicular bodies (MVBs) [9] [10] [11] , and on bidirectional trafficking between endosomes and the TGN 12 .
Clathrin-independent endocytosis pathways Many cell surface transmembrane proteins lack cytoplasmic sequences for the recruitment and internalization into clathrin-coated vesicles. Over the past few years, many of these proteins have been shown to be internalized by CIE mechanisms. There seem to be several distinct mechanisms of CIE 4 that might reflect, to some extent, the different cell types and cargo mole cules monitored. Caveolar endocytosis involves the caveolin coat, is dynamin dependent and is the mechanism that glycosphingolipids and some viruses use for cell internalization 4, 5 . A mode of CIE that depends on CDC42, ADP-ribosylation factor 1 (ARF1) 13 and actin has also been described, which is dynamin independent and responsible for endocytosis of fluid-phase markers, glycosyl phosphatidylinositol (GPI)-anchored proteins and bacterial toxins 4, 5 . Another dynamin-independent mechanism of CIE, first described in HeLa cells, is associated with the ARF6 GTPase and is responsible for endocytosis of many cell surface integral membrane proteins that lack adaptor protein recognition sequences (see below). Disparate forms of CIE share a requirement for free cholesterol, and proteins and lipids that reside in sphingolipid-rich lipid raft membranes seem to be prominent among cargoes in CIE 4, 5 . Recent analysis of recycling of endogenous cargo proteins in CIE is revealing an unexpected complexity in CIE recycling systems.
The ARF6-associated pathway has been an important experimental paradigm for studies of CIE, allowing the identification of many clathrin-independent cargo proteins and the elucidation of the itineraries and mechanisms of their recycling. Among the endogenous proteins originally shown to enter cells through this CIE mechanism are the major histocompatibility complex (MHC) class I proteins 14 , β-integrins 15, 16 and the GPI-anchored protein CD59 (ReF. 17) . A recent proteomics analysis of the ARF6-associated early endosome identified additional cargo proteins, including the ubiquitous glucose transporter GLuT1 (also known as sLC2A1) and other proteins that are involved in amino acid uptake and cell-extracellular matrix interactions 18 (TABLe 1). Other cargo proteins travelling in this pathway, including the interleukin 2 receptor α-subunit (also known as TAC) 14 , the MHC-like molecule CD1a 19 and the β2 adrenergic and M3 muscarinic receptors in the absence of ligand 20 , have been identified in transfected HeLa cells (TABLe 1) . In most cases, following internalization into distinct vesicles the cargo is transferred to the early endosome, where it meets CDE cargo, and can then be routed along the degradative pathway to the lysosome or recycled back to the cell surface. Itinerary of cargo proteins entering cells by clathrin-dependent (blue cargo) and clathrin-independent (red cargo) endocytosis. Subsequent routing of cargo to the early endosome, juxtanuclear endocytic recycling compartment (ERC) and the recycling endosome is shown. RAB5 and early endosome antigen 1 (EEA1) funtion in the generation and maintenance of the early endosome. Some cargoes are selected in the early endosome by the ESCRT machinery to enter the multivesicular body pathway and to be transported on to late endosomes (dashed arrow). Clathrin-dependent cargoes can recycle back to the cell surface through a rapid recycling pathway that requires RAB4 and RAB35. Both types of cargo can move from the early endosome to the ERC by a process that requires sorting nexin 4 (SNX4), dynein, RAB10, RAB22A, RAB11 family-interacting protein 2 (RAB11FIP2; in complex with carboxy-terminal epidermal growth factor receptor substrate 15 homology domain-containing protein 3 (EHD3)), RAB11FIP3 (in complex with ARF6 or RAB11) and RAB11FIP5. From the ERC, recycling of both types of cargo requires RAB11, and recycling of clathrin-independent cargoes involves the generation of distinctive RAB8-and RAB22A-dependent tubules, in addition to many other factors. Some clathrin-dependent cargoes might also recycle through these different pathways. RAB10, RAB11, RAB22A and RAB35 are associated with the tubular recycling endosome and, along with EHD1 (homologous to receptor mediated endocytosis protein 1 (RME-1) in C. elegans) in complex with the mammalian apoptosis-linked gene 2-interacting protein X1 homologue ALIX (also known as PDCD6IP) and RAB11FIP2, are required for recycling. In the periphery, the tubules seem to break up into vesicles prior to fusing with the cell surface, a process that initially requires partitioning defective protein 3 (PAR3) and CDC42 and subsequently ADP-ribosylation factor 6 (ARF6), RAB11 and cortical actin. This is a composite description of endocytic recycling and all of the components shown here may not be evident in a given cell type. 23 and dendritric cells 22 and in the Caenorhabditis elegans intestine 24, 25 , indicating that there is wide conservation of these pathways. However, in some cells, notably CHO cells, ARF6 is also associated with and influences the recycling of cargo proteins in CDE, such as the TFR 26 .
The early endosome: a cargo-sorting station The early endosome is defined as the organelle that receives incoming material from primary vesicles that have been generated by CIE and CDE. The small GTPase RAB5, phosphoinositide 3-kinase (PI3K) and its product phosphatidylinositol-3-phosphate (PtdIns3P) mark the early endosome and are required for its function. The lumen of the early endosome is mildly acidic 8 , thereby facilitating conformational changes in proteins that can lead to ligand release from receptors. sorting of membrane proteins and lipids from luminal content and the generation of membrane tubules emanating from endosomes can lead to the entry of the membrane proteins and lipids into fast recycling pathways (see below). Alternatively, they can transfer to a later, juxtanuclear, endocytic recycling compartment (ERC) from which recycling endosomes emerge (FIG. 1) . Membrane proteins that have been tagged with monoubiquitin are corralled by the eSCRT machinery and enter the MVB pathway along with the luminal content of the early endosome [9] [10] [11] . For the 'classic' CDE cargoes, TFRs and LDLRs, recycling back to the plasma membrane seems to be the default pathway and does not require any specific cytoplasmic sequences for recognition and sorting 8 . By contrast, recycling of cargoes and signalling receptors in CIE might involve a positive selection process.
Regulators of traffic and of recycling in particular include GTPases (Rab and Arf proteins) and their effectors
TABLe 2), the receptor-mediated endocytosis 1 (RME-1) family of carboxy-terminal epidermal growth factor receptor substrate 15 (EPs15) homology domaincontaining proteins 1-4 (EHD1-EHD4), which are scaffolding, membrane tubulating and perhaps membrane fission proteins 27, 28 , and motor proteins (TABLe 3) that transport recycling endosomal carriers. Our understanding of endocytosis and recycling has benefited from genetic studies in yeast and more recently in C. elegans [29] [30] [31] [32] . In particular, the C. elegans analysis has identified many metazoan-specific regulators of endocytosis and recycling that are now known to have similar functions in mammalian cells. Cells in C. elegans also clearly possess and require a morphologically distinct ERC, an organelle that is yet to be defined in yeast systems 32 .
Rapid recycling route
The existence of a fast recycling route back to the plasma membrane from either the early endosome or an earlier stage in the endocytic pathway has been documented for the transport of TFR 8 and glycosphingolipids 33 . Early studies identified RAB4 as being important for recycling of TFR 8, 34 and glycosphingolipids 33 from early endosomes (FIG. 1) . The published literature is not clear on the precise role of RAB4 in recycling, as expression of dominant-negative RAB4 inhibits fast recycling but small interfering RNA (siRNA)-mediated knock down of RAB4 increases rapid recycling, perhaps by blocking early endosome-to-ERC transport 35, 36 . Recent studies using RNA interference (RNAi) and knockout approaches have indicated that RAB35 is an important regulator of rapid recycling. studies revealed that RAB35 localizes to the plasma membrane as well as to early endosomes and is required for rapid recycling of mammalian TFR 37 and the C. elegans LDLR-like yolk recepto r 38 . Furthermore, in C. elegans recruitment of RAB-35 (also known as RME-5) to the early endosome depends on RME-4, a DeNN domain-containing protein 
Clathrin-coated pit
The initial site of invagination of a clathrin-coated vesicle.
GTPase-activating protein
A protein that catalyses GTP hydrolysis on GTP-bound proteins.
Immunological synapse
A junction that forms at the contact region between a T cell and its target cells. T cell activation occurs here.
Sorting nexin
A member of a family of proteins that are implicated in membrane trafficking and that contain a Phox domain, which binds to phosphoinositides.
that is related to mammalian connecdenn. RME-4 binds to GDP-associated RAB-35 and adaptor protein 2 (AP-2), thereby recruiting RAB-35 to clathrin-coated pits 38, 39 . Another study showed that overexpression of the RAB35 GTPase-activating protein TBC1 domain family member 10C (TBC1D10C; also known as EPI64C), or depletion of RAB35, impaired TFR recycling and the formation of the immunological synapse 40 , highlighting a role for rapid recycling in T cell function. The localization of RAB35 to incoming clathrin-coated vesicles links this rapid recycling route to CDE.
RAB35 is also associated with ARF6-and EHD1-positive tubular recycling endosomes that carry cargo back to the plasma membrane in CIE 22 . Whether RAB35 is functional on tubular recycling endosomes or is just a passenger is not known. RAB35 was also found to be required for efficient abscission, breaking the final bridge that links daughter cells after cytokinesis (see below) 37 .
Slow recycling route
The so-called slow recycling route is the route that is typically studied when experimentally measuring recycling and involves the transport of cargo proteins from the early endosome to the ERC and from the ERC to the plasma membrane. In many tissue culture cells the ERC is localized centrally, near the microtubule organizing centre and Golgi complex, but this is not always the case, especially in polarized cells. The prevailing model of geometry-based iterative sorting posits that during maturation the early endosome extends tubules that become the ERC, whereas the main body of the early endosome becomes the MVB 8 . Evidence of this transformation has come from live imaging studies, showing that the early endosome loses RAB5 and acquires RAB11 (ReF. 41) . The ERC is defined molecularly by the presence of RAB11 and/or EHD1 and morphologically as a tubular compartment that is largely devoid of fluid.
Traffic to the ERC Numerous proteins have been shown to be important for the juxtanuclear positioning of the ERC and for the transport of endocytosed cargo to the ERC (FIG. 1; TABLeS 2,3). One of these proteins, EHD4, is important for export from the early endosome to the ERC and late endosome 42 . Another member of the same family, EHD3, binds to the Asn-Pro-Phe motifs in two Rab effectors, rabenosyn 5 and RAB11 family-interacting protein 2 (RAB11FIP2), suggesting a role for EHD3 as a linker between the RAB5-associated early endosome and the RAB11-associated ERC 43 . Another RAB11 effector, RAB11FIP5, is important for the movement of TFR from the early endosome to the ERC. Loss of RAB11FIP5 inhibits the transport of TFR from the early endosome to the ERC, which seems to lead to enhanced recycling of TFR, presumably through the fast recycling route directly from the early endosome to the plasma membrane 44 . RAB11FIP3 (homologous to NuF in Drosophila melanogaster) interacts with both RAB11 and ARF6, is important for the juxtanuclear positioning of the ERC 45 and has a role in cytokinesis (see below). In addition, AsAP1 (Arf-GAP with sH3 domain, ANK repeat and PH domain-containing protein 1) also binds to RAB11FIP3 and influences ERC positioning 46 . RAB22A is also important for the movement of cargo from the early endosome to the ERC, and RAB22A depletion inhibits slow TFR recycling 47 . RAB-10 in C. elegans and its mammalian homologue in polarized epithelial cells has been implicated in cargo transport between early endosomes and recycling endosomes in both CIE and CDE 24, 48 . An important function of cargo transport from the early endosome to the ERC might be to prevent cargo entry into degradative compartments. The sorting nexins serve this function in yeast 49 , and in mammalian cells sorting nexin 4 (sNX4) associates with tubular vesicular elements on the early endosome and ERC. Loss of sNX4 causes the TFR to be sorted to the late endosome for degradation 50 . sNX4 interacts with the dynein motor through the linker protein WW domain-containing protein 1 (WWC1; also known as KIBRA), facilitating the movement of the early endosome or ERC to the juxtanuclear region. Depletion of WWC1 results in a peripheral distribution of TFR, but does not lead to TFR degradation, suggesting that sNX4 coordinates the sorting of TFR away from the late endosome and, together with dynein, the movement of TFR towards the ERC 50 . Interestingly, another study found that depletion of the AP2 complex leads to increased routing of the MHC class I and β-integrin cargoes to degradative compartments in CIE and reduces their recycling 51 , similar to the block of TFR recycling observed with sNX4 depletion. Because AP2 depletion inhibits the internalization
Box 1 | Rab and Arf GTPases involved in endocytic recycling
Low-molecular-mass GTP-binding proteins act as molecular switches to regulate the steps that are involved in vesicle carrier formation, movement and fusion with target membranes. These proteins cycle between a GDP-bound 'off' state and a GTP-bound 'on' state, in which they interact with and activate effector proteins. Conversion between these states is catalysed by guanine nucleotide exchange factors that convert them to the on state and GTPase-activating proteins that stimulate GTP hydrolysis, returning them to the off state.
There are over 60 Rab proteins in mammals that have distinct localizations and functions in membrane trafficking 119, 120 . Of the Rab proteins that are associated with the regulation of endosomal traffic (RAB4, RAB5, RAB7, RAB8, RAB10, RAB11, RAB22A and RAB35), RAB5 and RAB11 have been studied the most. Two effectors of RAB5, phosphatidylinositide 3-kinase and the membrane-tethering protein early endosomal antigen 1, lead to the generation of phosphatidylinositol-3-phosphate on the membrane and facilitate early endosomal membrane fusion. Many proteins have been identified that interact with RAB11 and are known as RAB11 family-interacting proteins (RAB11FIPs). RAB11FIPs, in turn, interact with many other proteins, serving as scaffolds to organize and coordinate endosomal transport 121 .
Of the six mammalian ADP-ribosylation factor (Arf) proteins, ARF6 has a distinctive peripheral plasma membrane localization, whereas the other Arf proteins cycle between the Golgi and cytosol. However, recent findings have also documented roles for Golgi Arf proteins at the plasma membrane 13, 122 . ARF6 activates phospholipase D, generating phosphatidic acid, which is required for endocytic recycling. ARF6 also activates phosphatidylinositol-4-phosphate 5-kinase, which generates phosphatidylinositol-4,5-bisphosphate on the distal portions of the recycling endosome and at the plasma membrane. In addition, ARF6 interacts with the effector RAB11FIP3 to facilitate movement to the endocytic recycling compartment. ARF6 interaction with the Jun N-terminal kinase interacting protein 3 (JIP3) and JIP4 motor protein scaffolds is important during cytokinesis.
of TFR but not that of MHC class I molecules or β-integrins, this raises the possibility that input from CDE at the early endosome might be required for recycling of cargo proteins in CIE. For example, cargoes in CDE, such as TFR and the proteins that associate with it, might facilitate the movement of cargoes in CIE from early endosomes to the ERC for subsequent recycling. Further studies will be needed to determine the extent to which CDE and CIE are interdependent.
From the ERC to the plasma membrane There are probably several distinct recycling pathways from the ERC back to the plasma membrane. In HeLa cells the bifurcation from the ERC is distinctive. TFRs leaving the ERC are recycled back to the plasma membrane in carriers, which are separate from the tubular recycling endosomes that carry CIE cargoes back to the plasma membrane 14, 17, 52 . Although both recycling endosome and tubular recycling endosome pathways require RAB11 (ReF. 53) , the latter, which is a more elaborate recycling system that we refer to as the CIE recycling pathway, is subject to much more regulation (by Arf, Rab and polarity proteins, for example), as discussed below. studies in C. elegans also indicate that there are genetically separable recycling pathways for cargoes in CDE and CIE, suggesting the conservation of bifurcated export from the ERC 25 . ARF6 and recycling from the ERC. The CIE recycling pathway was originally described to include ARF6-associated tubular endosomes that emanate from the juxtanuclear ERC and carry cargoes such as MHC class I molecules back to the plasma membrane. The tubular endosomes align along microtubules, and recycling back to the plasma membrane depends on both microtubules and actin 14, 53, 54 . Importantly, ARF6 exerts its effect by promoting recycling from the tubular endosome membrane back to the plasma membrane. ARF6 is required, at least in part, for the activation of phospholipase D2 (PLD2) 55 . PLD2 is present on the tubular 
PDZ domain
A protein interaction domain that is often found in scaffolding proteins and that is named after the founding members of this protein family (PSD95, Discs large and ZO1).
Guanine nucleotide exchange factor
A protein that facilitates the exchange of GDP (guanine diphosphate) for GTP (guanine triphosphate) in the nucleotide-binding pocket of a GTP-binding protein.
recycling endosome, and the lipid products of PLD2, phosphatidic acid and diacylglycerol, are important for recycling 55 . Phosphatidic acid has been implicated in membrane fission and so might also promote the release of recycling carriers, whereas diacylglycerol has been implicated in membrane fusion and fission and so might also promote the fusion of such carriers with the plasma membrane. ARF6 also activates PtdIns(4)P5K (PtdIns(4)P5-kinase), the enzyme that generates PtdIns(4,5)-bisphosphate (PtdIns(4,5)P 2 ). PtdIns(4,5)P 2 is present both at the cell surface and on the distal portions of the tubular endosome 15 and is important for the recruitment to the membrane of many proteins involved in vesicle formation, fusion and actin polymerization. Indeed, it is this ARF6-directed endocytic recycling back to the plasma membrane that modulates the cortical actin cytoskeleton for cell spreading, cell migration, wound healing and metastasis 26 , activities that have all been ascribed to ARF6. several proteins that have been found to be associated with the tubular endosomes might regulate the activation of ARF6. Inhibition of extracellular signal-regulated kinase (ERK) inhibits ARF6 activation, causes a build up of CIE tubular recycling endosomes and inhibits recycling 56 . The activities of other signalling molecules (Ras, Rac and src proteins) that are localized to these tubules might also alter ARF6 activation and/or recycling 7 . For example, the cation channel mucolipin 2 is associated with the tubular recycling endosome and its overexpression results in increased activation of ARF6, whereas its depletion results in decreased recycling of CD59 (ReF. 57) .
In addition to these global requirements for ARF6 in CIE recycling, three studies have implicated ARF6 in cargo-specific sorting and recycling. The recycling of syndecan 1, a heparin sulphate proteoglycan, and fibroblast growth factor receptor (FGFR), which traffics with syndecans, requires ARF6, PtdIns(4,5)P 2 (produced by ARF6-mediated activation of PtdIns(4)P5K) and syntenin, a PDZ domain-containing protein that binds to the C terminus of syndecans. Expression of syntenin mutants that cannot bind to PtdIns(4,5)P 2 causes the accumulation of syndecan and FGFR in endosomes and blocks their recycling back to the plasma membrane; this results in impaired cell spreading 21 . In another example, a cytoplasmic acidic cluster motif that is present on inwardly rectifying potassium channel Kir3.4 (also known as GIRK4 and KCNJ5) binds to the ARF6 guanine nucleotide exchange factor (GEF) EFA6 (also known as PsD), leading to the activation of ARF6 and the increased presence of Kir3.4 at the plasma membrane 23 . Another intriguing observation is that ACAP1 (Arf-GAP with coiled-coil, ANK repeat and PH domain-containing protein 1), which hydrolyses GTP and thus inactivates ARF6, binds to clathrin, and both ACAP1 and clathrin were found to be important for the recycling of β-integrins and the glucose transporter GLuT4 (also known as sLC2A4) 58 , although exactly how and where these components function to sort such diverse cargoes is not clear.
Two additional ARF6 effectors, Jun N-terminal kinase interacting protein 3 (JIP3; also known as MAPK8IP3) and JIP4 (also known as sPAG9), and the sec10 subunit of the exocyst (EXOC5) might have distinct roles in the regulation of endosomal trafficking, in particular controlling the targeting of recycling membrane (TABLe 2) . JIP3 and JIP4 are scaffolding proteins that bind to the plus end-directed motor kinesin and the minus enddirected motor dynein. ARF6 might regulate the binding of the JIP proteins to these two motors and thereby control the direction of transport along microtubules 59 . This interaction is important during cytokinesis (see below) and might also function along the CIE pathway in interphase cells. The interaction of ARF6 with the exocyst also seems to influence the target site at the plasma membrane that receives the cargo from recycling CIE 60 .
Other regulators of recycling. The ERC is defined by the presence of RAB11 and the many proteins that interact with it. Because the ERC is where slow recycling of TFR occurs, interfering with RAB11 or its interactors inhibits recycling and often alters the positioning of the ERC in the cell. The recycling of the MHC class I 53 and β-integrin 16 cargoes in CIE is also dependent on RAB11 function. Other Rab proteins seem to be associated with the ERC or are involved in differentiation of the ERC to form the recycling tubules that carry cargoes in CIE back to the plasma membrane. Although RAB22A seems to be important for early endosome-to-ERC transport 47 , it is also crucial for the biogenesis of the recycling endosome tubules and for the recycling of MHC class I molecules 53 and CD1a 19 back to the plasma membrane. RAB8 is also present on tubular endosomes of the CIE pathway, where it might function with ARF6 to promote recycling and cortical actin-driven plasma membrane protrusions 61 . specific cargo sorting for endosomal recycling is especially evident in polarized epithelial cells. The AP1B adaptor is important for targeting proteins to the basolateral surface of these cells 62 . Furthermore, proteins destined for apical or basolateral recycling are sorted into distinct domains in the recycling endosome 63 . Exactly how recycling pathways in polarized epithelial cells are similar to or distinct from those in non-polarized cells remains to be determined. The variety of pathways that are observed in non-polarized cells could be indicative of the distinct trafficking pathways in polarized cells.
The genetic screen for endocytosis mutants in C. elegans has been instrumental in expanding our understanding of recycling from the ERC. The first endocytosis mutant from the screen, RME-1 and its mammalian homologue EHD1, are required for the recycling of MHC class I molecules and, in some cells, TFR [64] [65] [66] . EHD1 can bind to PtdIns4P and PtdIns(4,5)P 2 , and its ability to bind to PtdIns4P seems to be important for the association of EHD1 with the tubular aspects of recycling endosomes 67 . EHD1 also binds to rabenosyn 5 and RAB11FIP2 (ReF. 43) , hence coupling RAB5 with RAB11 effectors. Furthermore, EHD1 can bind to syndapins (also known as pacsins), which are proteins that are thought to be links between membrane trafficking and membrane-associated actin. syndapins colocalize with EHD1 or RME-1 on the CIE recycling tubules in mammals and C. elegans, respectively 25, 68 . structural data from the related protein EHD2 in mice suggests that RME-1-family proteins might function similarly to dynamin, assembling in ring structures around membranes and promoting fission 28 . Thus, EHD1 (or RME-1) might be part of the fission apparatus for release of recycling cargo carriers.
C. elegans apoptosis-linked gene 2-interacting protein X1 (ALX-1; known as ALIX or PDCD6IP in mammals and Bro1 in yeast) was identified as an RME-1-binding protein that is required for recycling of human TAC in CIE but not for recycling of human TFRs in CDE 25 . This was an unexpected finding as ALIX and Bro1 in mammals and yeast, respectively, are known to be associated with the EsCRT complex during MVB biogenesis. However, the new study found that ALX-1 in C. elegans was also associated with a subset of RME-1-positive endosomes and was required in CIE for the recycling of human TAC, expressed in C. elegans as a cargo marker of the CIE pathway. Mutation of the RME-1-binding site in ALX-1 produced a version of the protein that could still function in MVB and late endosomal processes, but lacked its recycling function 25 . Overexpression of truncated human ALIX in HeLa cells strongly inhibited the recycling of MHC class I molecules 25 . The MVB regulator hepatocyte growth factor-regulated tyrosine kinase substrate (HRs) has also been implicated in the recycling process and, similarly to ALIX, is associated with tubular endosomes in vivo, suggesting that some proteins that are known to act in receptor degradation have dual functions 69, 70 . Another surprising set of proteins to be identified by the C. elegans screens were the polarity proteins partitioning defective protein 3 (PAR-3), PAR-6 and CDC-42 (ReF. 29) . CDC-42 colocalizes with RME-1-and EHD1-labelled endosomes in worms and HeLa cells, respectively, and expression of dominant-negative forms of PAR-6 and CDC-42 led to an inhibition of MHC class I recycling, with no effect on TFR recycling. However, the inhibitory forms of PAR-6 and CDC-42 diminished TFR endocytosis with no effect on MHC class I endocytosis. This suggests a coordinate regulation of the CDE and CIE pathways, with important implications for understanding how these pathways function in the organism.
Endocytic recycling function in organisms
Cell division, cell migration, cell junction formation and maintenance, cell-cell fusion events, control of neuronal signalling during learning and memory, and cell polarity seem to all share certain molecular underpinnings. In particular, each of these processes depends on accurate and efficient endocytic recycling. These are heavily studied and complex areas of research, each deserving its own review. In the interest of space, we have taken specific examples of the involvement of recycling in these pro cesses to illustrate the contributions of recycling pathways to these complex processes.
Recycling in cytokinesis.
Plasma membrane remodelling during cytokinesis is known to depend on the regulation of endosomal membrane traffic. As cultured cells round up prior to cell division, endocytic recycling function is temporarily blocked while endocytosis proceeds, leading to the loss of plasma membrane area and the accumulation of cell surface-derived membrane in the endosomal system 71 . soon after, the contractile ring forms and the cytokinetic furrow ingresses. In plants, cytokinesis proceeds through the de novo synthesis of plasma membrane by vesicle transport and fusion at the centre of a mother cell (reviewed in ReF. 72) . Although animal cell cytokinesis was initially thought to be mechanistically distinct from that of plant cells, it is now clear that in animal cells vesicular transport is also crucial for cytokinesis. This was first evidenced by the production of multinucleate cells after the depletion of a particular soluble N-ethylmaleimide-sensitive factor attachment protein receptor (sNARE) protein [73] [74] [75] . Vesicles that are important for animal cell cytokinesis are derived from recycling endosomes and the Golgi complex and contribute membrane to the advancing cleavage furrow 76, 77 . Recycling endosomes are also closely associated with the late step of cytokinesis, called abscission -a process that breaks the final thin connection between daughter cells (FIG. 2) . In particular, the recycling endosomespecific GTPases RAB11 and ARF6 are required for cytokinesis in several organisms, including vertebrates and invertebrates [78] [79] [80] . The association of recycling endosomes with the cleavage furrow, and the donation of membrane to the furrow, depends on RAB11 (ReF. 79) . In cultured mammalian cells, ARF6 seems to have less effect on furrowing but is important for severing the final intercellular bridge during abscission 80, 81 . In D. melanogaster spermatocytes, ARF6 is required during the early and late phases of cytokinesis, but somatic cell cytokinesis can proceed without it 82 . Another key recycling endosomal protein in cytokinesis is RAB11FIP3, the RAB11 and ARF6 effector 79, 83 . In cultured mammalian cells, RAB11FIP3 knockdown inhibits abscission, whereas in D. melanogaster embryos the loss of NuF (the D. melanogaster homologue) inhibits membrane addition to ingressing furrows 79, 83 . In flies, RHOGEF2 activates RHOA and is important for actin polymerization on furrowing membranes 84, 85 . The key function of NuF seems to be the recruitment of RHOGEF2 to the cleavage furrow 86 , and RHOGEF2 might be associated with vesicles trafficked to the furrow by NuF 85 . In mammals, epithelial cell-transforming sequence 2 oncogene (ECT2), in association with centralspindlin (a complex composed of cytokinesis defect 4 (CYK4) and kinesin-like protein KIF23 (also known as MKLP1)), activates RHOA to promote furrowing 87 . During telophase ECT2 is lost from the centralspindlin complex, allowing CYK4 to recruit RAB11-RAB11FIP3, promoting tethering of recycling endosomes to the midbody 87 (FIG. 2) .
It remains to be determined exactly how RHOApromoted actin dynamics influences furrowing. Actin could act as a track for vesicle movement, ultimately promoting localized fusion. This idea is supported by evidence that the motor protein myosin VI is important for cytokinesis 88 . Another possible explanation for the NuF and RHOGEF2 phenotypes is that NuF recruits RHOGEF2 to recycling endosomes and RHOGEF2 activity promotes recycling endosome-derived vesicle budding. Actin polymerization is required for cargo recycling back to the plasma membrane in CIE 14, 53 and might be associated with membrane budding events, presumably providing membrane tension that contributes to vesicle scission 89 . The microtubule-based spindle is important for many aspects of cell division, and recycling endosomes are clearly associated with microtubules and microtubulebased motors 90 . Association of recycling endosomes with the cleavage furrow requires molecular motor activity that is associated with the spindle. As noted above, JIP3 and JIP4 are proposed effectors of ARF6 (ReF. 59) , and new evidence indicates that during cytokinesis ARF6 activity acts as a switch that controls recycling endosome movement to the intercellular bridge 59 . The leucine zipper 2 domain of JIP proteins was found to interact with two dynein activator complex (dynactin) components, p150glued and p50, kinesin light chain 1 (KLC1) and ARF6-GTP. p150glued and KLC1 compete for binding to the leucine zipper 2 domain of JIP proteins, and the addition of the constitutively active mutant of ARF6 enhanced the association of dynactin and antagonized KLC1 binding. It was therefore proposed that ARF6 activation couples kinesin-to-dynein motor switching (FIG. 2) .
E-cadherin recycling in cell adhesion and morphogenesis.
Cell adhesion and morphogenesis also depends on endocytic recycling pathways. As mentioned above, E-cadherin can be taken up from the cell surface by CIE 91 . Once internalized, the decision whether to degrade or recycle E-cadherin seems to be crucial for cells undergoing adhesion and morphogenesis. RAB11 and ARF6, as well as sNX1, are thought to be regulators of E-cadherin recycling from endosomes to the plasma membrane [92] [93] [94] . sNX1 promotes E-cadherin trafficking along the retrograde route to the Golgi, prior to transport through the RAB11-and ARF6-regulated recycling endosomes 93, 94 . The exocyst is also required for E-cadherin recycling 95 . Tracheal development in D. melanogaster is a particularly interesting example of how morphogenesis is regulated by the modulation of recycling activity. The D. melanogaster trachea is a complex set of branched epithelial tubes that allow gas exchange. During development, the trachea changes shape. Initially, all tracheal branches are large-diameter 'multicellular' tubes. As development proceeds, cells in most branches undergo Transport to the bridge is mediated, at least in part, through the association of kinesin 1 with the recycling endosome adaptor Jun N-terminal kinase interacting protein 4 (JIP4). At the bridge, ADP-ribosylation factor (ARF6)-GTP promotes fusion through interaction with RAB11FIP3 and the exocyst. ARF6-GTP also interacts with JIP4, promoting exit from the intercellular bridge through motor switching to the dynein activator complex (dynactin). RAB35-GTP also contributes to abscission, probably through contribution of early endosome (EE)-derived vesicles, and seems to be important for phosphatidylinositol-4,5-bisphosphate accumulation at the midbody.
Intercalation
The interdigitation of cells or molecules in a reversible reaction.
Adherens junction
A cell-cell adhesion complex that contains cadherins and catenins that are attached to cytoplasmic actin filaments. a rearrangement, termed intercalation, which causes the branches to decrease in diameter. However, cells in the tracheal branch, known as the main dorsal trunk, are prevented from undergoing intercalation. The decision of a cell to intercalate or not is regulated by multi ple signalling inputs 96 . Recent work indicates that increased accumulation of RAB11 in the dorsal trunk of D. melano gaster, concomitant with transcriptional upregulation of its effector RIP11 (a downstream effect of Wingless signalling), increases junctional accumulation of E-cadherin. It was proposed that such an increase in junctional E-cadherin inhibits cell intercalation in this tracheal branch. Conversely, the absence of RIP11 and the lower levels of RAB11 and junctional E-cadherin in other tracheal branches allows intercalation to occur 97 . Another regulator of cell adhesion during development is the CDC42-PAR6-PAR3-atypical protein kinase C (aPKC) complex. In C. elegans and human HeLa cells, these proteins were found to regulate cargo uptake in CDE and to regulate cargo recycling in CIE 29 . Interestingly, several groups working in D. melanogaster have recently described a requirement for CDC42 and its effectors PAR6 and aPKC in the regulation of adherens junctions. One study followed cellular rearrangements during neuroectoderm development 98 . Approximately one-third of the cells in this tissue layer rearrange their adherens junctions and ingress to become neuroblasts, whereas the other cells remain in the epithelium and become epidermal cells. CDC42, PAR3, PAR6 and aPKC activity seemed to be specifically required to maintain junction integrity during the ingression process 98 . Apical polarity protein Crumbs and apically endocytosed styryl dye FM 4-64 in cells lacking CDC42 or Par proteins abnormally accumulated in enlarged HRspositive endosomes. These phenotypes probably indicate a defect in apical recycling of Crumbs and FM 4-64, or increased uptake and reduced early-to-late endosome transport in the absence of CDC42 or Par activity 98, 99 . Around the same time, two related studies in D. melano gaster examined the role of CDC42, PAR6 and aPKC in the development of the dorsal thorax of pupae 100, 101 . In this context, CDC42, PAR6 and aPKC, but not PAR3, were required to maintain E-cadherin at adherens junctions. Junctional dynamics downstream of CDC42-PAR6-aPKC were mediated by the only D. melanogaster member of the CDC42-interacting protein 4 (CIP4) and the transducer of CDC42-dependent actin assembly (TOCA) protein family. CIP4 and TOCA proteins contain F-BAR domains that bind and remodel lipid bilayers. These proteins also regulate actin dynamics through their src-homology 3 domains, which bind to neural Wiskott-Aldrich syndrome protein, thereby activating the actin-related protein 2/3 complex. In this case, CIP4 also directly or indirectly associates with dynamin. The primary defect in E-cadherin transport seems to be at the level of scission of plasma membrane-derived tubules, structures that probably remove E-cadherin from the cell surface. Tubule scission might normally be facilitated by local actin poly merization. Taken together, these three studies emphasize the importance of polarity proteins in developmentally controlled membrane trafficking, and suggest that some of these same proteins can function at the level of the plasma membrane and at the level of endosomes, depending on the developmental context and the particular cargo proteins involved.
Recycling in myoblast fusion. Another important developmental process that requires efficient endosomal recycling is myoblast fusion, which is required during growth, regeneration and repair of skeletal muscle. RAC1 and its activator Myoblast city (homo logous to mammalian dedicator of cytokinesis protein 1; also known as Dock180) are the best-known components that are needed for this cell-cell fusion event -a requirement conserved from D. melanogaster to mammals 102, 103 . RAC1 is enriched at cell-cell contact sites prior to myoblast fusion and probably remodels the local actin cytoskeleton to promote cell-cell fusion. RAC1 is also known to activate certain types of CIE uptake, and so local RAC1 activation might also remodel the lipid and integral membrane composition of the contact sites 104 . Over the past few years, several additional proteins that are important for endocytic recycling have been shown to function in myoblast fusion. These include the ARF6 activator Loner (also known as schizo; homologous to human ARFGEP100) and ARF6 itself 105 . These proteins probably direct important cargoes from recycling endosomes to the contact membranes. In particular, RAC1 activation and localization seems to be impaired after mutation or perturbation of Loner and ARF6 (ReF. 105) . Recent data in migrating cells indicate that RAC1 activation occurs on endosomal membranes and that activated RAC1 might be transported to specific leading-edge membrane sites by ARF6-mediated recycling 106 . In light of these data, it is tempting to speculate that, during myoblast fusion, activated RAC1 must also be recycled from endosomal activation sites to plasma membrane domains that are involved in cell-cell fusion. Recent work suggests a role for actin-enriched foci in targeting the fusion of intracellular vesicles to the contact membrane. A requirement for myoferlin and EHD2 in endocytic recycling and in cell-cell fusion events has also been shown 107 . It remains to be determined whether myoferlin and EHD2 are also important for the accumulation of activated RAC1 and/or other actin regulators at cell contact sites.
Recycling in learning and memory. Experiencedependent modification of synaptic strength is thought to be a key process in learning and memory, and one well-studied example is the remodelling of dendritic spines in the mammalian hippocampus. spines increase in membrane area and in the number of surfaceresident AMPARs (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors) in response to NMDAR (N-methyl-d-aspartate receptor) activation during long-term potentiation, and both of these acute changes depend on RAB11-and EHD1-positive recycling endosome function 108, 109 . Recent work points to myosin Vb as a key protein in this process 110 (FIG. 3) . In the presence of low calcium levels myosin Vb is found in an in active conformation, lacking association with recycling Nature Reviews | Molecular Cell Biology endosomes. However, transient increases in calcium levels in dendritic spines after NMDAR activation alter the conformation of myosin Vb, allowing it to associate with recycling endosomes through RAB11FIP2, leading to a locally increased recycling of membrane, AMPARs and other endosomal cargoes 110 . EHD1-dependent recycling of G protein-activated inwardly rectifying potassium channels was also increased after NMDAR activation, suggesting a similar regulatory mechanism 111 (FIG. 3) .
The small GTPase RAB8 seems to regulate the final insertion of AMPAR into the plasma membrane of dendritic spines 112, 113 . Interestingly, recent work in C. elegans suggests that a pool of postsynaptic AMPARs undergo CIE and that recycling of this pool of receptors requires the GTPase RAB-10, a close relative of RAB-8 (ReF. 114) . It remains to be determined whether CIE contributes to similar processes in the mammalian nervous system.
Perspectives
The recycling endosome resembles the TGN with respect to its relationship with the plasma membrane. For instance, the plasma membrane fusion machinery, which was first defined for secretory vesicles, is also used by vesicles derived from the recycling endosome 60 . This view is furthered by recent findings that a significant fraction of the secretory cargoes that leave the Golgi pass through the recycling endosome en route to the plasma membrane 115, 116 . The recycling endosome seems to be enriched in PtdIns4P, as with the Golgi, with portions enriched in PtdIns(4,5)P 2 and cholesterol, as with the plasma membrane 15, 67, 117 . similar to the Golgi, the recycling endosome requires PLD2 and its lipid product phosphatidic acid for cargo export, and Arf proteins regulate the accumulation of such lipids 55, 118 . How the recycling endosome interfaces with the Golgi will be an important question to address in the coming years.
Much remains to be learned about the mechanisms of recycling from the endosomal pathway. Many of the protein and lipid components that are important for recycling endosome function described here have been identified, but most are not understood in detail. In particular, there is no clear model of how cargo carriers are produced from the recycling endosome. several technical hurdles must be cleared to better understand recycling endosome budding in detail. An in vitro reconstitution system, such as those developed for the early secretory pathway, and an in vivo imaging system to allow direct visualization of recycling endosome budding would greatly benefit in our understanding of, for example, the order of recruitment of regulatory proteins. such technical advances have so far proved elusive for the recycling endosome and are a major challenge for the field.
Likewise, the field is still at an early stage in integrating the information gained so far into an understanding of higher-order physiology in a cell and among interacting cells. One interesting aspect that deserves greater attention is how endocytosis is coordinated with recycling and degradation, and how CIE pathways coordinate with the CDE pathways. There are many indications from the published literature that such pathways are coupled or inversely coupled, but little is known of the mechanism or mechanisms of such a coupling. Furthermore, issues of physiology are probably crucially dependent on cell type, environment and developmental stage, but most of our information about these pathways comes from a few cultured cell lines. More work in the context of whole organs and organisms is required to understand how the pathways identified are adapted to such conditions. . NMDAR activation results in calcium influx, triggering the activation of myosin Vb and the translocation of recycling endosomes and their cargoes into the spine. This series of events increases spine membrane area and increases AMPAR (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor) density on the spine surface. The G protein-activated inwardly rectifying potassium channel Kir3.4 (also known as GIRK4 and KCNJ5) density on the spine surface is also increased, probably through the same or similar mechanisms. Final transport from the recycling endosome to the spine surface is mediated by RAB8.
